The G þ C content at synonymous codon positions (GC3s) in genes varies along chromosomes in most eukaryotes. In Saccharomyces cerevisiae, regions of high GC3s are correlated with recombination hot spots, probably due to biased gene conversion. Here we examined how GC3s differs among groups of related yeast species in the Saccharomyces and Candida clades. The chromosomal locations of GC3s peaks and troughs are conserved among four Saccharomyces species, but we find that there have been highly consistent small shifts in their GC3s values. For instance, 84% of all S. cerevisiae genes have a lower GC3s value than their S. bayanus orthologs. There are extensive interspecies differences in the Candida clade both in the median value of GC3s (ranging from 22% to 49%) and in the variance of GC3s among genes. In three species-Candida lusitaniae, Pichia stipitis, and Yarrowia lipolytica-there is one region on each chromosome in which GC3s is markedly reduced. We propose that these GC-poor troughs indicate the positions of centromeres because in Y. lipolytica they coincide with the five experimentally identified centromeres. In P. stipitis, the troughs contain clusters of the retrotransposon Tps5. Likewise, in Debaryomyces hansenii, there is one cluster of the retrotransposon Tdh5 per chromosome, and all these clusters are located in GC-poor troughs. Locally reduced G þ C content around centromeres is consistent with a model in which G þ C content correlates with recombination rate, and recombination is suppressed around centromeres, although the troughs are unexpectedly wide (100-300 kb).
Introduction
G þ C content varies substantially within the genomes of most eukaryotes, a phenomenon first noted by Bernardi et al. (1985) who introduced the term ''isochore'' to describe a region of homogeneous G þ C content. In the era of genomics, it has become possible to study the isochore structures of genomes in detail and to examine the process by which the G þ C content of a gene or genomic region can change during evolution (Eyre-Walker and Hurst 2001; Duret et al. 2006; Duret and Galtier 2009 ). Pronounced differences can exist both within a genome (e.g., in rice, where the G þ C content at synonymous codon positions-GC3s-of different genes ranges from about 43% to 92%; Wang et al. 2004 ) and between genomes (e.g., human genes tend have more extreme GC3s values, at both ends of the scale, than their mouse orthologs; Mouchiroud et al. 1988) .
Variation in the G þ C content along yeast chromosomes was first reported in Saccharomyces cerevisiae by Sharp and Lloyd (1993) . They used a sliding-window approach and found that groups of consecutive genes on S. cerevisiae chromosome III ranged from about 35% to 50% in their GC3s values. Later analyses confirmed that similar patterns exist on most other S. cerevisiae chromosomes (Dujon 1996; Bradnam et al. 1999) . A link between G þ C content variation and recombination was initially suggested by the discoveries that smaller chromosomes are slightly richer in GC3s (Bradnam et al. 1999) and have a higher recombination rate per unit length (because a minimum of one crossover must occur on each chromosome per meiosis; Kaback ª The Author(s) 2010. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/ 2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. et al. 1992; Mancera et al. 2008) and that recombination hot spots tend to occur in local peaks of G þ C content (Gerton et al. 2000; Birdsell 2002; Mancera et al. 2008) . For several years, it was unclear which of these two factors drove the other: whether a high local G þ C content could increase the local recombination rate (Gerton et al. 2000; Petes and Merker 2002) or whether the presence of a recombination hot spot could (over time) elevate the G þ C content in the nearby genomic region (Birdsell 2002; Marais 2003) . Recent evidence from many different eukaryotic systems has pointed toward the latter alternative, and biased gene conversion is likely to be the molecular mechanism by which it occurs (Duret and Galtier 2009 ). However, this conclusion was called into question recently by MarsolierKergoat and Yeramian (2009) and Tsai et al. (2010) who found that recent nucleotide substitution patterns in different genomic regions did not fit the predictions of the biased gene conversion model. Tsai et al. (2010) proposed that this inconsistency is the result of a change in the life cycle of Saccharomyces species, caused by the emergence of matingtype switching.
GC-biased gene conversion (gBGC) is a phenomenon in which heteroduplex DNA containing a mismatch between an A/T base and a G/C base is preferentially corrected in favor of the G/C base (for instance, repairing an A:G mismatch so that it becomes a C:G pair rather than an A:T pair). Consequently, a heterozygote will produce more gametes carrying the G/C allele than the A/T allele, increasing the chance that the G/C allele will eventually become fixed in the population. gBGC has been observed to occur in many eukaryotes including S. cerevisiae (Birdsell 2002; Marais 2003; Mancera et al. 2008 ). Regions of heteroduplex DNA are primarily formed during meiotic recombination, so if a species is prone to gBGC then regions of its genome that are recombination hot spots will tend to increase in G þ C content to a greater extent than other regions. These increases will be particularly evident at lessconstrained positions, such as the synonymous third positions of codons, and will lead to a local correlation between recombination rate and GC3s in species that have variable recombination rates along chromosomes (Galtier et al. 2001; Birdsell 2002; Duret and Galtier 2009) . G þ C content of intergenic regions may also be informative, but because these regions cannot readily be aligned among the yeast species we consider here (Cliften et al. 2001) , it is difficult to be certain that any base composition differences in intergenic regions are the result of mutation processes rather than insertions/deletions. For this reason, our analyses are mostly based on GC3s profiles.
G þ C content variation in the S. cerevisiae genome was analyzed in great detail because it was the first eukaryotic genome sequence to become available (Goffeau et al. 1996) , but this aspect has received much less attention in the other yeast genomes that have been published more recently (more than two dozen species in the Saccharomycotina). Because some of these genomes are known to have average G þ C contents that are substantially different from that in S. cerevisiae (Dietrich et al. 2004; Souciet et al. 2009 ) and in view of the dramatic G þ C content discontinuity that was recently demonstrated in the Lachancea kluyveri genome (Payen et al. 2009 ), we wondered how the isochore structure of yeast genomes evolves. To examine this topic, we chose to focus mainly on two groups of closely related yeasts for which genome sequences are available: the Saccharomyces species (formerly called Saccharomyces sensu stricto; Kellis et al. 2003 ) and the Candida clade species (Butler et al. 2009 ).
Methods

Sequence Data and Species Nomenclature
Sources of downloaded data are given in supplementary table S1 (Supplementary Material online). For data obtained from National Center for Biotechnology Information (Pichia stipitis, P. pastoris, Kluyveromyces thermotolerans, Zygosaccharomyces rouxii, Yarrowia lipolytica, and Eremothecium gossypii) or Gé nolevures (L. kluyveri, Z. rouxii, Candida glabrata, and K. lactis), Perl scripts were used to obtain coding sequences using GenBank-or EMBL-format description files and chromosomal sequences. For C. parapsilosis, contig sequences were obtained from the Sanger Institute, and a Broad Institute annotation supplemented with in-house annotations was used. Following the revision of the names of yeast genera by Kurtzman (2003) , no species are classified as ''Saccharomyces sensu lato'' and the genus Saccharomyces is monophyletic. Therefore, we refer to the clade consisting of S. cerevisiae, S. paradoxus, S. mikatae, and S. bayanus simply as Saccharomyces instead of ''Saccharomyces sensu stricto.''
Calculation of GC3s Values
Perl scripts were written to calculate GC3s percentages for each gene. GC3s is the G þ C content at the third position of all codons except TAA, TAG, TGA, TGG, and ATG codons. For species that translate the CTG codon as serine instead of leucine, we also excluded CTG codons. Genes with fewer than 100 codons, or whose annotated coding region lengths were not a multiple of three base pairs, were not used in GC3s calculations.
Identification of Orthologs between Species
Orthology was defined by best reciprocal Blast hits of protein sequences. The analysis reported in figure 1 and table 1 used only genes that have orthologs in S. cerevisiae, and the analyses shown in figures 2, 4, and 5 and supplementary figure S2H-K (Supplementary Material online) used only genes that have orthologs in C. albicans. The analysis in figure 3 used only genes with orthologs in all nine Candida clade species. All other analyses used all annotated genes for which a GC3s percentage could be calculated.
Sliding-Window Analysis Method
For Saccharomyces species ( fig. 1 ), genes were ordered as found in the S. cerevisiae genome. In figure 2, both C. albicans and C. dubliniensis genes were ordered according to the C. albicans genome. For all other species, genes are plotted in their native order. A sliding-window method similar to that of Sharp and Lloyd (1993) was used. We plotted the average GC3s of 15 adjacent genes using a step size of one gene. In figure 1 , where a species did not have orthologs of all 15 genes in an S. cerevisiae window, the GC3s average was calculated from the remaining available genes. This procedure allows the same number of windows to be obtained from each interspecies comparison.
FIG. 1.-GC3s profiles of chromosomes in Saccharomyces species. For Saccharomyces cerevisiae, the values plotted are a moving average of 15 adjacent genes along each chromosome. Complete chromosomal sequences from S. paradoxus, S. mikatae, and S. bayanus are not available (instead, we have large contigs), so for these species we used the S. cerevisiae gene order to calculate the moving average. The locations of known inversions and translocations (Kellis et al. 2003 ) are indicated; numbers on arrows indicate paired breakpoints. Dots mark the positions of S. cerevisiae centromeres. Centromeres in the other three species are inferred to be at the same locations based on experimental data for five S. bayanus centromeres (SbCENa, SbCEN1, SbCEN6, SbCEN7, and SbCEN8 corresponding to S. cerevisiae CEN2, CEN1, CEN11, CEN10, and CEN14, respectively; Huberman et al. 1986; Yamane et al. 1999 ) and on the presence of the point centromere consensus sequence at all 16 sites in each of S. paradoxus, S. mikatae, and S. bayanus (supplementary file S2e, Supplementary Material online, of Kellis et al. 2003) .
Results
Systematic Shifts in GC3s in Saccharomyces Species and between C. albicans and C. dubliniensis Saccharomyces paradoxus, S. mikatae, and S. bayanus are the closest known relatives of S. cerevisiae (Kurtzman and Robnett 2003) . In terms of their levels of synonymous nucleotide sequence divergence (Ks) or their levels of amino acid sequence divergence, the Saccharomyces species are approximately as different from each other as humans are from rodents (Kellis et al. 2003; Dujon 2006) . The 4 Saccharomyces species all have 16 chromosomes and these are colinear except for 9 reciprocal translocations and 20 inversions among them (Fischer et al. 2000; Kellis et al. 2003) .
We identified orthologous genes between each of the other Saccharomyces species and S. cerevisiae, calculated GC3s for a moving average of 15 adjacent genes in each species, and plotted these values according to the chromosomal order of the genes in S. cerevisiae. For S. cerevisiae, this is identical to the approach previously used by Sharp and NOTE.-The equation of the best-fit regression line for each comparison is y 5 mx þ c, where y is the GC3s value of a gene in species 2 and x is its GC3s value in species 1. All slopes are significantly different from unity (P , 10
À39 by t-test, calculated using the TDIST function in Microsoft Excel). SE, standard error.
FIG. 2.-Chromosomal GC3s profiles in
Candida albicans and C. dubliniensis. Chromosomal rearrangements of five or more genes are indicated by ''Y'' for inversions and hooked arrows for translocations. Genes are shown in the order that they occur in C. albicans. Dots show the positions of centromeres in C. albicans (Sanyal et al. 2004 ).
Lloyd (1993) and Bradnam et al. (1999) , except that we did not weight genes by length. In general, the locations of peaks and troughs of GC3s in the four species coincide ( fig. 1 ), so that, for example, the most G þ C-rich region in each of the four genomes is on the right arm of chromosome III. There are, however, some strikingly consistent differences among the species. Saccharomyces bayanus has the highest GC3s values and S. mikatae has the lowest values throughout the whole genome. The interspecies differences are greatest in the areas around GC3s peaks, whereas in the troughs, all species have more similar GC3s values. When the GC3s values for individual genes are compared between S. bayanus and S. cerevisiae, the values are seen to be highly correlated (r 5 0.86), but the slope of the best-fit line is significantly different from 1 (table 1; supplementary fig. S1 , Supplementary Material online). A slope different from 1 indicates that the difference in base composition between the species is not uniform across all genes but instead varies systematically, with greater divergence in GC-rich genes than in GC-poor genes. The most GC-rich genes in S. bayanus have GC3s of about 90%, whereas their S. cerevisiae orthologs have GC3s of only about 67% (supplementary fig. S1 , Supplementary Material online). Similarly, the slopes of the best-fit regression lines for all other pairs of Saccharomyces species are significantly different from 1 (table 1), indicating systematic and statistically significant patterns of divergence.
The patterns of variation of GC3s in Candida species have not been examined before. We used the same slidingwindow approach and found that although the C. albicans genome is overall more GC poor than the S. cerevisiae genome (median GC3s values 26% and 36%, respectively), the C. albicans genome contains a similar pattern of alternating regions with different GC3s contents ( fig. 2 ). The troughs in this species reach 11% GC3s, whereas the ''GC-rich'' peaks are generally only about 35% GC3s, except near the telomeres where GC3s reaches 40-45%. The elevation of GC3s near the telomeres is not restricted to subtelomeric gene families (which are less extensive than in S. cerevisiae; van het Hoog et al. 2007 ) but extends well into chromosomal regions that contain single-copy genes with conserved synteny in other Candida species. For example, near the left end of C. albicans chromosome 1, the first gene with GC3s ,35% is orf19.6090 which is 28 kb (16 annotated genes) away from the beginning of the chromosome sequence.
The extent of sequence divergence between C. albicans and C. dubliniensis is approximately the same as among the Saccharomyces species (Jackson et al. 2009 ). To compare their GC3s profiles, we sorted the C. dubliniensis genes into the same chromosomal order as their C. albicans orthologs and then applied a sliding window of 15 genes ( fig. 2) . The peaks and troughs in the two Candida species are at similar chromosomal locations, but the troughs in C. dubliniensis are even more GC poor (reaching a minimum of 6% GC3s).
Variation of GC3s among Species in the Candida Clade
We examined the evolution of yeast G þ C contents and isochore structures on a broader evolutionary scale using the genome sequences of nine species in the ''Candida clade''-the clade of species that translate the codon CTG as serine instead of leucine (Butler et al. 2009 ). The GC3s values of these Candida species vary quite widely. The most GC-poor species is C. tropicalis with a median GC3s of 22%, and the most GC rich is C. lusitaniae with a median of 49% ( fig. 3 ). Viewed from a phylogenetic perspective (Butler et al. 2009 ), species that are more closely related to each other tend to have more similar G þ C contents. There is a GC-poor clade (C. tropicalis, C. albicans, and C. dubliniensis), an intermediate clade (C. parapsilosis and Lodderomyces elongisporus), and a GC-rich clade (C. lusitaniae, C. guilliermondii, and P. stipitis). Debaryomyces hansenii is the only exception to this trend: its GC3s   FIG. 3. -Distribution of GC3s values among nine species in the Candida clade. A set of 3,687 orthologous genes was identified among all these species, and the values for each species were grouped into bins of 5% intervals. The phylogenetic tree on the right is modified from Butler et al. (2009) and is derived from 644 single-gene families.
values are intermediate but it clusters phylogenetically within the high-GC clade, which suggests that D. hansenii may be declining in G þ C content.
Species at the center of the distribution in figure 3 , such as L. elongisporus, show a relatively low variance of GC3s values among genes. In contrast, the species at the extremities show both a larger variance and a skewed distribution, with a long tail of GC3s-rich genes in C. lusitaniae and long tails of GC3s-poor genes in C. tropicalis and C. dubliniensis. Sliding-window plots of GC3s content for individual Candida clade species are included in supplementary figure S2 (Supplementary Material online). The differences between species in the amount of GC3s variance are illustrated by comparison of the plot for L. elongisporus, which is almost flat, to that for C. tropicalis, which contains deep troughs (supplementary fig. S2I and J, Supplementary Material online). We do not know the G þ C content of the common ancestor of the Candida clade, but it is clear that the G þ C content of at least some Candida lineages must have changed extensively in the time since this ancestor existed and that the G þ C contents of groups of neighboring genes on the chromosome tend to change in concert.
GC-Poor Troughs and Centromere Locations
The chromosomal GC3s profiles of some of the more GCrich Candida clade species are very distinctive. The pattern on the larger chromosomes of C. lusitaniae is particularly interesting ( fig. 4) . GC3s is relatively low at the telomeres (;45%), increases gradually toward the center of the chromosomes reaching peaks of ;70%, and then plunges to a narrow trough of ;40%. All eight chromosomes in this species show similar patterns, with one obvious GC-poor trough on each chromosome, but for some chromosomes, the trough is close to one end (chromosomes 2, 4, and 8) and the corresponding telomeric region is not as GC poor as on other chromosomes. Pichia stipitis shows a similar pattern of one deep GC-poor trough per chromosome ( fig. 5 ), but this species does not show the same pattern of elevated G þ C content on each side of the trough that was seen in C. lusitaniae.
Because there is one striking trough per chromosome in both C. lusitaniae and P. stipitis, we hypothesized that these troughs might mark the locations of centromeres. The centromere is the only known genomic feature that occurs exactly once per chromosome, so there are no other obvious candidate causes of the troughs. Our approach uses a sliding window (to reduce sampling error), so each trough in C. lusitaniae and P. stipitis cannot be mapped directly to a single specific intergenic region but instead to a window of 15 consecutive genes. However, for every trough, we were able to identify one unusually large intergenic region within the window with the lowest GC3s, and we propose these as candidate centromere locations (table 2) . Centromere locations have not been determined experimentally in any species of the Candida clade ( fig. 3 ) except C. albicans and C. dubliniensis (Sanyal et al. 2004; Padmanabhan et al. 2008) . Even though the centromeres in C. albicans and C. dubliniensis are not located in GC-poor troughs ( fig. 2) , we nevertheless suggest that the centromeres of C. lusitaniae and P. stipitis have been subject to a mutational process that has formed the troughs by making the DNA in the region around the centromere become GC poor (see Discussion). Analysis of the Y. lipolytica genome provides support for the hypothesis that GC3s-poor troughs can, for some species, indicate centromere locations. Yarrowia lipolytica is an outgroup to both the Candida and Saccharomyces clades (Dujon et al. 2004; Butler et al. 2009 ) and is one of the few yeast species in which centromeres have been identified experimentally (Vernis et al. 1997 (Vernis et al. , 2001 ). We find that the GC3s profiles of Y. lipolytica chromosomes each contain one distinct GC-poor trough and that these coincide with the locations of the five experimentally determined centromeres on chromosomes A-E ( fig. 6 ). Chromosome F is the only Y. lipolytica chromosome for which no centromere was cloned (Vernis et al. 2001) . A centromere location for chromosome F was predicted bioinformatically when the genome was sequenced (Dujon et al. 2004) , but this prediction does not coincide with the location of the GC-poor trough. We suggest that the location predicted by Dujon et al. (2004) is incorrect and that the centromere of chromosome F lies at the bottom of the adjacent trough ( fig. 6 ).
Retroelements and Centromere Locations
In P. stipitis, Jeffries et al. (2007) noted that all the copies of the Ty5-like retrotransposon Tps5 occurred in clusters and that there is one cluster on each chromosome. These clusters are easily visualized in dot matrix plots and typically contain a mixture of intact elements, truncated elements, and solo long terminal repeats (supplementary fig. S3A , Supplementary Material online). We find that the GC-poor troughs in P. stipitis coincide with these retrotransposon clusters ( fig. 5 ). The open reading frames within the Tps5 elements are not the cause of the GC-poor troughs that we observe because our GC3s analysis ignored all retroelements. Several subfamilies of Tps5 elements exist, but they are all structurally most similar to Tdh5 of D. hansenii and Tca5 of C. albicans (Plant et al. 2000; Neuveglise et al. 2002) . The Tdh5 elements of D. hansenii also form one cluster per chromosome (supplementary fig. S3B , Supplementary Material online), so we suggest that these are possible centromere locations in that species. Comparing these Tdh5 clusters to the GC3s profile plots for D. hansenii (supplementary fig. S4 , Supplementary Material online) shows that although all of them are located in or near local GC-poor troughs, the troughs do not stand out and are often not the deepest on their chromosome. In the more distantly related species C. albicans, there are only two copies of the Tca5 element in the sequenced genome (strain SC5314), and these are not close to the known locations of any of its eight centromeres. Although we hypothesize that the Tps5/Tdh5 clusters in P. stipitis and D. hansenii are associated with centromeres, we do not suggest that the retrotransposon sequence itself has any role in centromere function. Rather, we suggest that the association is caused by preferential integration of retrotransposons into centromeric chromatin in P. stipitis and D. hansenii and that this association is a recent one, as it only occurs in these two closely related species. Using the Candida Gene Order Browser (Fitzpatrick et al. 2010) , we found that there is partial conservation of synteny, both among some of the centromere locations we proposed in P. stipitis, D. hansenii, and C. lusitaniae and between these putative centromeres and some of the known centromeres of C. albicans and C. dubliniensis. For example, nine genes near the known centromere of C. albicans chromosome 5 have orthologs in the GC-poorest window on P. stipitis chromosome 5, and this window also contains a Tps5 cluster ( fig. 7) . Four of these genes also have orthologs in the GC-poorest window on C. lusitaniae chromosome 3, and four other genes near C. albicans CEN5 have orthologs located close to the Tdh5 cluster on D. hansenii chromosome D. Gene order conservation in these regions is not perfect, but it is known that small inversions frequently scramble the local gene order in Candida species (Seoighe et al. 2000) . In total, we found synteny relationships involving 4 of the 8 C. albicans/C. dubliniensis centromeres, providing connections to GC-poor troughs or retrotransposon clusters on 4 P. stipitis chromosomes, 2 D. hansenii chromosomes, and 2 C. lusitaniae chromosomes ( fig. 7 and supplementary fig. S5 , Supplementary Material online). These observations provide support for the hypothesis that the GC-poor troughs mark centromeres in some species. However, these four examples were the only ones we could find; the other troughs in P. stipitis and C. lusitaniae are not in regions of gene order conservation between these two species or with C. albicans/C. dubliniensis centromeres.
We also examined the pattern of variation of intergenic G þ C content (supplementary fig. S6 , Supplementary Material online), as opposed to GC3s in genes. In both C. lusitaniae and P. stipitis, intergenic G þ C varies within a much smaller range (approximately 36-44% G þ C) than was seen in GC3s. A sliding-window approach shows that in C. lusitaniae, the putative centromeres (longest intergenic regions in table 2) are located within local troughs of Dujon et al. (2004) , and the circle marks the location suggested by our analysis (near gene YALI0F14619g).
G þ C-poor intergenic regions, but these troughs are much less dramatic than those seen for GC3s. The putative centromeres of C. lusitaniae are also located in some of the most G þ C-poor intergenic spacers in its genome (supplementary fig. S6E, Supplementary Material online) . Pichia stipitis does not show the same trend, but the G þ C content of its putatively centromeric intergenic regions is affected by the presence of the Tps5 arrays.
Discussion
Our results for the Saccharomyces species and for C. albicans versus C. dubliniensis reveal two main attributes of G þ C content evolution among closely related yeast species. First, the pattern of variation along the chromosome is conserved. The locations of peaks and troughs among these species tend to coincide, even though large numbers of nucleotide substitutions have occurred at synonymous codon sites. This observation could be consistent with a model in which recombination determines the local G þ C content via biased gene conversion (Birdsell 2002; Duret and Galtier 2009 ) but only if the locations of recombination hot spots are conserved on orthologous chromosomes among the species. Recent analysis of one chromosome shows that recombination hot spots are conserved between S. cerevisiae and S. paradoxus (Tsai et al. 2010) , which suggests that they may be conserved on all chromosomes among all Saccharomyces species. The conservation of recombination profiles is surprising (Tsai et al. 2010) , as recombination hot spot locations are not even conserved between human and chimpanzee, two mammals that diverged much more recently than the Saccharomyces species (Ptak et al. 2005; Winckler et al. 2005 ) and which probably have identical GC3s profiles because they are colinear and only 1% divergent in sequence (Chimpanzee Sequencing and Analysis Consortium 2005; Elhaik et al. 2009 ).
Second, even within this framework of conserved peak and trough locations, the actual GC3s values of orthologous genomic regions can shift significantly and systematically between species (figs. 1 and 2). The shifts cause an orchestrated change in GC3s values, so that the GC richness or poorness of each gene relative to other genes is largely unchanged. We think that the most probable cause for these shifts is factors that can change the overall recombination rate (per year) in a species, affecting all hot spots and cold spots uniformly. Such factors could include, but are not limited to, changes in the sequences of proteins involved in recombination (directly altering the recombination rate) or the mismatch repair system (affecting the gene conversion bias parameter b; Duret and Galtier 2009) and changes in the effective population size, which will affect the rate of fixation of nucleotide substitutions. The frequency of meiotic recombination in particular is likely to be highly variable among species in the Candida clade because some species (C. lusitaniae, P. stipitis, and D. hansenii) have complete sexual cycles and others (C. albicans) have no known mechanism of meiosis (Tzung et al. 2001; Forche et al. 2008; Butler et al. 2009; Reedy et al. 2009 ). However, Spo11-dependent recombination in a parasexual cycle has been observed in C. albicans (Forche et al. 2008) , and even if it has no true meiosis, it could also experience gBGC during mitotic recombination.
We found one deep GC-poor trough per chromosome in three species (C. lusitaniae, P. stipitis, and Y. lipolytica) and propose that they mark the locations of centromeres. This proposal is based on four arguments: 1) colocalization with five experimentally determined centromeres in Y. lipolytica; 2) partial synteny conservation with known centromeres of C. albicans/C. dubliniensis; 3) colocalization of the GC-poor troughs with clusters of retroelements in P. stipitis, considering that retroelements cluster near centromeres in many eukaryotes (e.g., Paterson et al. 2009 ); and 4) the simple fact that no genetic element other than the centromere is known to occur in precisely one copy per chromosome. We also identified putative centromere locations in D. hansenii based on the presence of one Tdh5 retroelement cluster per chromosome. In other yeast species, transposable elements are known to have preferences for integrating into particular regions of the genome (Voytas and Boeke 2002) . To our knowledge, transposable elements with a preference for integration at centromeres have not been described previously in ascomycete yeasts, although they are known in some filamentous ascomycetes (Cambareri et al. 1998; Galagan and Selker 2004) .
What mechanism could form GC-poor troughs around centromeres? Meiotic recombination is known to be suppressed near centromeres across a wide variety of eukaryotes that have been examined (Choo 1998) , including S. cerevisiae (Lambie and Roeder 1986; Mancera et al. 2008 ). The molecular mechanism by which this effect occurs remains unknown. The gBGC model proposes that local G þ C content is determined by the local recombination rate, so it predicts that G þ C content should be low near centromeres.
There are two very different types of centromere structures among the yeasts studied here (Ishii 2009 ): S. cerevisiae and other species in the Saccharomyces/Kluyveromyces clade have ''point'' centromeres (Hieter et al. 1985; Heus et al. 1993; Kitada et al. 1997; Pribylova et al. 2007 ), whereas C. albicans, C. dubliniensis, and Y. lipolytica have ''regional'' centromeres (Vernis et al. 2001; Sanyal et al. 2004; Padmanabhan et al. 2008) . Point centromeres are genetically determined (their DNA sequence is necessary and sufficient for their function), whereas regional centromeres are epigenetically determined (Ketel et al. 2009; Malik and Henikoff 2009) . Point centromeres are small (,200 bp) and have a strongly conserved consensus sequence near which a single Cse4-containing nucleosome binds, whereas regional centromeres lack a consensus and bind several Cse4 nucleosomes over a region of up to 5 kb (Padmanabhan et al. 2008; Malik and Henikoff 2009) .
The species in which we observe deep GC-poor troughs are all expected (from their phylogenetic position) to have regional centromeres, but the troughs are much larger than the expected size of the centromeres themselves. For example, the two peaks flanking the trough on C. lusitaniae chromosome 3 (fig. 4) are 132 kb apart, and there are 75 annotated genes between them. Even the region in which GC3s is ,50% is 36-48 kb long on each C. lusitaniae chromosome (supplementary table S2, Supplementary Material online). Similarly, the peaks flanking the trough on P. stipitis chromosome 7 ( fig. 5 ) are 244 kb apart, and on Y. lipolytica chromosome D (fig. 6 ), the distance is 301 kb. In S. cerevisiae, the zone of recombination suppression around each centromere is only about 10 kb (average value from supplementary table 1, Supplementary Material online, of Mancera et al. 2008) . Our results can therefore be interpreted from either of two viewpoints. One is that the troughs are caused by reduction of gBGC at centromeres, in which case recombination around the centromere must be suppressed over a much larger area in C. lusitaniae, P. stipitis, and Y. lipolytica than in S. cerevisiae. Under this interpretation, figure 4 also suggests that there is a gradient of recombination rates along each chromosome arm in C. lusitaniae. The alternative view is that GC-poor troughs in C. lusitaniae, P. stipitis, and Y. lipolytica are simply too large to have been caused by recombination suppression and gBGC and so must have a different, unidentified, cause.
Why do all yeast species not show GC-poor troughs around centromeres? In fact, reexamination of chromosomal GC3s for other sequenced Saccharomycotina species with point centromeres (which can be identified bioinformatically; Dujon et al. 2004; Souciet et al. 2009) shows that virtually all the point centromeres lie in locally GC-poor regions. This property was not noticed before because for many species with point centromeres, the trough is not the lowest one on the chromosome. The data for S. cerevisiae are shown in figure 1 and for other point centromere species (C. glabrata, Z. rouxii, E. gossypii, K. lactis, Lachancea thermotolerans, and L. kluyveri) in supplementary fig. S2 (Supplementary Material online) . Therefore, C. albicans and its close relative C. dubliniensis stand out as unusual, among the species whose centromeres are mapped, because their centromeres are not in local GC-poor troughs ( fig. 2 ), but these are also the two most GC-poor species in our whole study.
It is also interesting to note that there may be a correlation between the presence of deep centromeric GC3s troughs and the absence of one of the two possible pathways for meiotic recombination, the MSH4/MSH5 pathway (Richard et al. 2005; Butler et al. 2009; Reedy et al. 2009 ). Msh4/ Msh5-dependent recombination in S. cerevisiae is subject to crossover interference, and deleting the genes reduces crossing over by 2-to 3-fold (Ross-Macdonald and Roeder 1994; Hollingsworth et al. 1995) . If we use a 10% G þ C content difference between peak and trough as a rule of thumb to define ''deep'' troughs, then we find that all the species with deep troughs at their centromeres lack MSH4 and MSH5, both among the regional centromere species (Y. lipolytica, C. lusitaniae, and P. stipitis) and among the point centromere species (E. gossypii and L. thermotolerans), whereas most species in which centromeric troughs are weaker (such as K. lactis) or absent (such as C. albicans) retain these two genes. The only exceptions to this correlation among the species we studied are C. guilliermondii and D. hansenii, which lack MSH4/MSH5 but do not show deep troughs at centromeres (centromeres are not mapped experimentally in either of these species, but neither of them shows deep troughs anywhere in its genome; supplementary fig. S2K , Supplementary Material online).
As the link between GC3s troughs and centromeres has only been validated experimentally in Y. lipolytica, it would be of interest to test the centromere locations we have proposed for other species. We are currently carrying out validation experiments for the centromeres of C. lusitaniae. It would also be of interest to investigate whether a depression of GC content around the centromere occurs in other taxonomic groups such as animals and to examine the properties of holocentric organisms.
Supplementary Material
Supplementary tables S1 and S2 and figures S1-S6 are available at Genome Biology and Evolution online (http://www.oxfordjournals.org/our_journals/gbe/).
